IMPORTANCE Prenatal exposure to phthalates has been associated with neurodevelopmental outcomes, but little is known about the association with language development.
P
hthalates comprise a family of high-volume semivolatile synthetic chemicals with the ability to make plastic soft and flexible. They are used in a variety of industrial products, including polyvinyl chloride flooring, food packaging, personal care products, medical supplies, and toys. [1] [2] [3] [4] Because phthalates are not covalently bound, they leach into the surrounding environment and are routinely found in indoor air, 5,6 dust, 7-11 food, and water. 12 Global biomonitoring data find most phthalate metabolites ubiquitously in urine from children 13 and adults 4 as well as in blood 14, 15 and breast milk. 16 These compounds have also been found in amniotic fluid, suggesting that they cross the placental barrier and convey fetal exposure.
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Phthalates have been shown to be environmental endocrine disruptors with antiandrogenic properties and to be associated with androgen-dependent development, including male reproductive tract development. 18 In rodents, prenatal exposure to dibutyl phthalate (DBP), butyl benzyl phthalate (BBzP), and di-ethylhexyl phthalate (DEHP) has been associated with a cluster of male genital abnormalities termed the phthalate syndrome.
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Prenatal phthalate exposure has been associated with a shorter male anogenital distance [19] [20] [21] and male genital defects. 22 Such changes to the male genitals may arise from phthalate-induced suppression of fetal gonadal testosterone synthesis. 23 Antiandrogenic phthalates have been shown to disrupt testosterone-dependent brain development, 24 and associations between prenatal exposure and sex-dependent neurodevelopmental end points have been reported. 25 Multiple studies found inverse associations between phthalate metabolite level in prenatal urine and child neurodevelopment, [26] [27] [28] behavioral outcomes, 29-33 mental and psychomotor development, 34-36 neonatal and infant neurologic status, 31,37 and language development. 38 These inverse associations have been reported most often for metabolites of DBP, DEHP and BBzP, with most studies reporting on third-trimester exposure. Animal studies on prenatal phthalate exposure and neurodevelopment are limited but provide some support for these epidemiologic findings. Associations have been reported between several phthalates and spatial learning and memory, [39] [40] [41] [42] [43] increased spontaneous motor activity suggestive of potential hyperactive behavior, 44, 45 and delays in coordinated movements. 46 ,47 Sex-specific associations are often seen, with males typically more affected than females, which is not unexpected given the hormonal activity of phthalates. 48 Delays in language development in early childhood, as assessed by validated tests, have been shown to be a factor in later academic achievement and the need for special education.
49,50 Therefore, language delay, assessed in early childhood, is an important indicator of later neurodevelopmental impairment.
The goal of the current study is to examine the association between the metabolite phthalate level in first-trimester urine samples and language development in early childhood. In this article, we report on these associations in 2 independent pregnancy cohort studies that share multiple study methods: the Swedish Environmental Longitudinal Mother and Child, Asthma and Allergy (SELMA) study and The Infant Development and the Environment Study (TIDES) in the United States.
Methods
The Regional Ethical Review Board (Uppsala, Sweden) approved the SELMA study. All participants signed informed consent forms before the start of data collection. Data were collected from November 1, 2007, to June 30, 2013, and data analysis was conducted from November 1, 2016, to June 30, 2018. The protocols for TIDES were approved by institutional review boards at the participating institutions, including the Icahn School of Medicine at Mount Sinai, which served as the TIDES coordinating center. Individual participants provided signed informed consent forms before any study activities. Data collection began January 1, 2010, and ended March 29, 2016, and data analysis was performed from September 15, 2016, to June 30, 2018.
Two Pregnancy Cohorts
The SELMA study is designed to investigate the association of early life exposure to environmental chemicals with the health and development of children. The study recruited pregnant women in the county of Värmland, Sweden, from November 1, 2007, through March 31, 2010. Women who could read Swedish were recruited at their first prenatal visit. Of the 8394 pregnant women identified, 6658 were eligible and 2582 (38.8%) agreed to participate, and 1957 children were born into the study. Detailed recruitment selection criteria and sample collection procedures have been published previously. 
Key Points
Question Is prenatal phthalate exposure associated with language development in children at 30 to 37 months of age?
Findings In this cohort study of 2 independent studies that included a total of 1333 mother-child pairs, exposure to dibutyl phthalate and butyl benzyl phthalates during pregnancy was significantly associated with language delay in preschool-aged children.
Meaning These findings suggest that additional examination of the association of phthalates with language delay is warranted.
was poorly executed; the number delivered was unknown and many questionnaires were returned undelivered. Therefore, our analysis included the 370 children in TIDES whose mothers completed and returned the questionnaire when the child was at least 2 years of age.
Phthalate Metabolites in Prenatal Urine
In the SELMA study, first morning void urine samples were obtained at the first prenatal visit (median to determine the creatinine level, and all samples were corrected for urine dilution by creatinine adjustment. All measured values were reported and used in these analyses.
In TIDES, spot urine samples were collected at the first prenatal visit (median [range] of 10.9 [10.5-11.2] weeks, with 100% of participants enrolled before week 13) and then stored at -80°C before being analyzed at the Division of Laboratory Sciences at the National Center for Environmental Health, Atlanta, Georgia, using previously described methods.
20,54 After urine collection, specific gravity was measured using a handheld refractometer (Refractometer Atago PAL-10S; National Instrument Company). The analytical approach involved enzymatic deconjugation of the metabolites from their glucuronidated form, automated online solid-phase extraction, separation with high-performance liquid chromatography, and detection by isotope-dilution tandem mass spectrometry. 54 Values below the limit of detection were assigned the value limit of detection divided by the square root of 2, as has been recommended when the data are not highly skewed.
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The Laboratory of Occupational and Environmental Medicine and the Division of Laboratory Sciences participate twice yearly in an ongoing quality control program (EQUAAS). This program tests for 6 phthalate metabolites.
Language Delay in Children
Language development is routinely assessed in Sweden when children are 30 months of age to identify children in need of speech therapy or further assessments. This validated assessment consists of a parental questionnaire on language use and a nurse evaluation. The screening questionnaire, which was used in the SELMA study, asks about the number of words the child can use. Responses are categorized as fewer than 25, 25 to 50, and more than 50 words. An English translation of this Swedish questionnaire was mailed to mothers in TIDES when their children were at least 2 years of age (median [range] of 37 [24-63] months). A vocabulary of 50 words or fewer was classified as language delay in both studies.
Statistical Analysis
Phthalate metabolite levels were log transformed using base 2. Three logistic regression models were used to examine the associations between language delay and (continuous) prenatal phthalate metabolite levels overall and stratified by sex. Model 1 controlled only for urinary dilution, which was measured by urinary creatinine level in the SELMA study and specific gravity in TIDES. Model 2 also controlled for several variables previously associated with cognitive development; prematurity (gestational age of <37 weeks); mother's educational level; and mother's weight and smoking status at study enrollment; and child sex. Eligibility for the SELMA study required participating mothers to be residents of Värmland County and literate in Swedish; all participants were assumed to be white. In TIDES, race/ ethnicity was reported by the mothers and included in these analyses. In the SELMA study, all questionnaires were assumed to be completed when the children were aged 30 months, whereas in TIDES, age at completion of the language development questionnaire varied and was included in the analyses. Model 3 used covariates in model 2 and the interaction term (sex × exposure). The significance threshold was set at P < .05; and significance testing was 2-sided. Statistical analyses were conducted by 2 of us (C.G.B. for SELMA and S.F.E. for TIDES) in SAS, version 9.3 (SAS Institute Inc) and SPSS, version 20 (IBM).
Results
The current study included all mothers and children with complete data on prenatal urinary phthalate metabolite levels, language delay, and modeled covariables. Specifically, 963 motherchild pairs from the SELMA study ( 3%]) at study enrollment. In TIDES, 274 mothers (74.1%) were white or non-Hispanic, whereas all mothers in the SELMA study were assumed to be white or non-Hispanic.
Some urinary phthalate metabolite levels were higher in the SELMA study than in TIDES (eTable 1 in the Supplement). This was particularly true for DEP, DBP and BBzP metabolites.
In both populations, the proportion of children who used 50 words or fewer was 10% (SELMA: 96 reported; TIDES: 37 reported) and those who understood or used fewer than 25 words was 2.7% (SELMA: 26 reported; TIDES: 10 reported) ( Table 2) . Language delay was more common among boys than girls in both studies (SELMA: 69 [13.5%] vs 27 [6.0%]; P = .001; TIDES: 23 [12.4%] vs 14 [7.6%]; P = .12).
Results of the logistic regression analyses using models 1, 2, and 3 are summarized in Table 3 (SELMA) and Table 4 (TIDES). Effect estimates for the total population and within sex were of similar magnitude in both the SELMA study and TIDES, although many statistically significant associations in the SELMA study were no longer statistically significant in TIDES in model 2 analyses. Metabolites of DBP and BBzP were statistically significantly associated with language delay in the total population in both studies in crude analyses. In adjusted analyses, a doubling of prenatal exposure of DBP and BBzP metabolites increased the odds ratio (OR) for language delay by approximately 25% to 40%, with statistically significant results in the SELMA study (dibutyl phthalate OR, 1.29 [95% CI, 1.03-1.63; P = .03]; butyl benzyl phthalate OR, 1.26 [95% CI, 1.07-1.49; P = .003]). A doubling of prenatal monoethyl phthalate exposure was associated with an approximately 15% increase in the OR for language delay in the SELMA study (OR, 1.14; 95% CI, 1.00-1.31; P = .05), but no such association was found in TIDES (OR, 0.98; 95% CI, 0.79-1.23).
No DEHP metabolite was statistically significantly associated with language delay in either study population. We further examined the interaction between sex and exposure in model 3. The interaction term was not significant for any metabolite, and including an interaction term in the models did not appreciably alter the metabolite effect estimate (Tables 3 and 4) .
After categorizing monobenzyl phthalate (MBzP) and monobutyl phthalate by quartiles, a dose-response association between metabolite exposure and language delay was seen in the SELMA study (Figure) . Risk increased with dose, although the trend was not statistically significant (MbzP, P = .09; monobutyl phthalate, P = .07). An OR of approximately 2.0 (doubling the odds of language delay) reflects exposure in the fourth quartile, compared with that in the first quartile.
Language delay was available for only a subset of live births in both populations. See eTable 2 in the Supplement for a comparison of the populations included in this current study with the children excluded from the study because of missing data. The mothers included in the SELMA study were better educated than the mothers of the children not included 
Discussion
We conducted similar analyses of prenatal phthalate exposure and language delay in the SELMA study and TIDES. The similarity between the 2 studies in the proportion of children with language delay and the higher rate of language delays in boys than girls suggests that the language development instrument used may not be strongly affected by language and culture.
We found a high degree of consistency in associations between prenatal exposure to phthalates and language delay, despite higher phthalate metabolite levels in the SELMA study and the differences between the 2 cohorts in demographics and age at language assessment. In both studies, statistically significant associations with language delay were seen for DBP and BBzP metabolites, and the associations between language delay and any DEHP metabolite were not statistically significant in either study.
Limited epidemiological data are available on prenatal phthalate exposure and cognitive function in offspring. However, the literature supports the associations between prenatal exposure to some phthalates (most consistently for DBP) and increased risk of impaired mental and psychomotor development. A US study of 328 children reported that a child's full-scale IQ was inversely associated with third-trimester urinary metabolite levels of DBP and diisobutyl phthalate.
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A Polish study reported an inverse correlation between prenatal DBP metabolite levels and cognitive outcomes in 165 a Premature birth was defined as gestational age at birth of fewer than 37 weeks.
b In the SELMA study, language development was assessed at routine pediatric visit at 30 months of age. In TIDES, language development was assessed by mailed questionnaire at 36 months of age. associations between prenatal MBzP exposure and the BSID-II, the MDI, and the PDI at age 3 years.
To our knowledge, this current study is one of the first to examine the associations between early language development and first-trimester phthalate exposure. We found statistically significant associations between prenatal DBP and BBzP metabolite levels and language delay for boys in both studies, with no statistically significant associations for girls. However, because of the lower prevalence of language delay in girls, our power to examine this association was limited and the results in girls should be considered inconclusive. On the other hand, a 2017 Danish study 38 reported that exposure to DEHP and DEP metabolites in the third trimester b Model 2: adjusted for creatinine urinary-specific gravity; sex; preterm birth; mother's educational level and race/ethnicity; and mother's smoking status and weight at study enrollment.
c Model 3: adjusted for urinary-specific gravity; sex; preterm birth; mother's educational level and race/ethnicity; and mother's smoking status and weight at study enrollment as well as the interaction term (sex × exposure).
d Adjusted for urinary-specific gravity; preterm birth; mother's educational level and race/ethnicity; and mother's smoking status and weight at study enrollment. phthalate) and the MDI in girls and a positive association between prenatal MBzP exposure and the PDI in boys. However, the different outcomes (language delay in our study and BSID-II subscales in most of the studies we referenced here) may not be directly comparable. The PDI includes an assessment of both gross and fine motor skills. The MDI measures not only early language but also sensory perception, knowledge, memory, and problem solving. Language delay at a young age has been found to be indicative of later neurodevelopmental impairment, but different and heterogeneous domains of early impairments may not have the same origin.
Strengths and Limitations
Our study has several strengths and limitations. Both studies provided a unique opportunity for us to replicate the analysis of the association between language delay and prenatal phthalate exposure, which was initially observed in the SELMA study. The use of the same language assessment instrument in both studies is a strength of our analysis. Furthermore, phthalate metabolite levels were measured in laboratories that had shown comparable results in ongoing quality control round-robin analyses. However, differences were observed in phthalate metabolite levels between the 2 studies (which were generally higher in the SELMA study) and in some measurement methods between the 2 laboratories. In TIDES, 2 DBP metabolites (mono-nbutyl phthalate and monoisobutyl phthalate) were measured, and in the SELMA study, a single DBP metabolite (monobutyl phthalate) was measured, reflecting the sum of these 2 metabolites. We do not believe that the differences in the method used to adjust for urine dilution would explain these differences, given the extensive literature on the comparability of these methods. 56 Rather, these differences may likely be explained by the wide use of DBP-and BBzPcontaining polyvinyl chloride products in Swedish homes (eg, flooring materials). 1, 57, 58 The SELMA study, with 963 mother-child pairs, had adequate power to detect overall and sex-specific associations, but TIDES, with language delay data for only 370 children, had much more limited power. One potential problem with both studies is the limited number of children with complete information on language delay, which is a potential source for selection bias. In the SELMA study, mothers included in the analysis were better educated; in TIDES, included mothers were less likely to be white or nonHispanic and more likely to have premature birth. However, premature birth and the mother's educational level were included as covariates in all analyses in both studies, and race/ethnicity were included in all TIDES analyses.
In the SELMA study, mothers were invited to the clinic for a 30-month visit during which their children's language development was assessed; however, the precise age at which this assessment was performed is not known. Therefore, in the absence of other information, we assumed the age at assessment to be 30 months. In TIDES, the mean child age at questionnaire completion was 37 months. On the basis of this variable alone, a lower rate of language delay would be expected in TIDES. However, other factors Language delay risk increased with monobenzyl phthalate (MBzP) exposure (A) and monobutyl phthalate (MPB) exposure (B), although the trend was not significant (MBzP, P = .09; MBP, P = .07). An adjusted odds ratio (AOR) of approximately 2.0 in the fourth quartile doubles the odds of language delay from the first quartile.
a First quartile is the reference and was adjusted for creatinine level; sex; premature birth; mother's educational level; and mother's smoking status and weight at study enrollment.
that differed between the SELMA study and TIDES populations (ie, white or non-Hispanic race/ethnicity, premature birth, and mother's smoking status at enrollment) would indicate higher rates of language delay in children in TIDES. Our findings suggest that these population differences may be balanced out by the difference in age at assessment.
Conclusions
The SELMA study and TIDES results support our conclusion. First-trimester phthalate exposure (particularly to DBP and possibly to BBzP) appears to be associated with poorer language development in children aged 2.5 to 3 years. 
